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Abstract: We present the compensation of the equalization enhanced phase noise (EEPN) in the 
long-haul n-level phase shift keying (n-PSK) coherent optical transmission system, by employing 
a scheme of phase modulated optical pilot carrier. 
OCIS codes: (060.1660) Coherent communications; (060.2330) Fiber optics communications 
 
1. Introduction 
Coherent detection has become one of the most promising technologies for next generation high speed transmission 
networks due to the high power and spectral efficiencies. Using advanced digital signal processing (DSP) techniques, 
coherent optical receivers can compensate the system impairments, such as chromatic dispersion (CD), polarization 
mode dispersion (PMD), laser phase noise (PN) and fiber nonlinearities in the electrical domain [1-3]. Several DSP 
algorithms have been validated as effective methods for CD equalization (CDE) and carrier phase estimation (CPE) 
[1-3]. There is a complicated interplay between the electronic CDE and the laser PN, which leads to an effect of 
equalization enhanced phase noise (EEPN) [4-6]. The EEPN will significantly degrade the performance of coherent 
communication systems with the increment of the fiber length and the symbol rate [4,5]. Some studies have been 
performed to compensate the EEPN by employing DSP, such as using a Viterbi-Viterbi (VV) algorithm [7]. Our 
previous work has also investigated the mitigation of the EEPN by using a traditional normal optical pilot carrier 
(TN-OPC), but the effect of improvement is marginal [8]. 
In this paper, we investigate the mitigation of EEPN in the long-haul n-level phase shift keying (n-PSK) 
coherent optical communication system by using a modified optical pilot carrier (M-OPC). In the M-OPC scheme, 
we introduce a modulation of the OPC phase, which is correlated with the phase modulation of the n-PSK signal. 
The simulation work is carried out in a 28-Gsymbol/s quadrature phase shift keying (QPSK) coherent transmission 
system with a transmission distance of 3000 km. The results are compared to using the VV algorithm for the 
compensation of EEPN. 
2. Principle of equalization enhanced phase noise 
The coherent communication system using electronic CDE and CPE is depicted in Fig. 1. The transmitter (Tx) laser 
PN passes through both the transmission fiber and the electronic CDE module, and so the net dispersion experienced 
by the transmitter PN is close to zero. However, the local oscillator (LO) phase noise only goes through the 
electronic CDE module, which is heavily dispersed in a transmission system without any dispersion compensation 
fibers (DCFs). Therefore, the LO phase noise will interact with the electronic CDE, resulting in the effect of EEPN. 
It has been demonstrated that the EEPN scales linearly with the accumulated CD and the linewidth of LO laser [4,5]. 
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Fig. 1. Block diagram of EEPN in coherent transmission system with electronic CD equalization 
3. High speed coherent optical transmission system using the modified OPC 
The 28-Gsymbol/s QPSK coherent optical transmission system is implemented based on the VPI platform, as shown 
in Fig. 2. We consider the system with two cases in the Tx: (a) the use of TN-OPC, (b) the use of M-OPC. In the 
TN-OPC scheme, one polarization is used for the normal QPSK signal, and the other is used for the traditional OPC 
[8]. In the M-OPC scheme, the modified OPC includes part of the modulated signal. One polarization has a total 
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four level phase modulation amplitude of 2πα (0≤α≤1), and the other has a phase modulation amplitude of 2π(α-1). 
Here we choose α=0.5 to generate the best EEPN correlation between the two polarizations [9]. The complex 
conjugate multiplication in the receiver (Rx) will remove the intrinsic PN from the Tx and LO lasers, as well as the 
EEPN contribution in the best possible way. Then the normal QPSK modulated deterministic signal will be 
recovered. We note that the case of α=1 in the M-OPC scheme is equal to the case of TN-OPC. 
The CD coefficient of transmission fiber is 16 ps/nm/km, and the central wavelengths of the Tx and the LO 
lasers are both 1553.6 nm. The CD compensation is performed by using a frequency domain equalizer (FDE) [2]. 
For simplicity, the influences of fiber attenuation, PMD and nonlinear effects are neglected. 
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Fig. 2. Diagram of QPSK coherent optical transmission system, (a) TN-OPC scheme, (b) M-OPC scheme. 
4. Simulation results and discussion 
In our numerical simulation, we consider a long-haul coherent transmission system with a fiber length of 3000 km, 
and the linewidths of the Tx and the LO lasers are both 5 MHz. In Fig. 3, the constellations of the recovered signals 
within the schemes of using TN-OPC and M-OPC are studied respectively. Simulation results are compared to 
further using the VV algorithm. The optical signal-to-noise ratio (OSNR) in Fig. 3 is 40 dB, where EEPN is 
absolutely dominant to generate the bit-error-rate (BER) floor. We find in Fig. 3(a) that, the signal constellation is 
influenced partly by phase noise (banana-shape) and partly by amplitude noise (circular). In Fig. 3(b), the use of VV 
algorithm can remove the influence of the phase noise significantly. Fig. 3(c) and Fig. 3(d) show the constellations 
of the recovered signals within the use of the M-OPC. It appears that this scheme generates EEPN which is partly 
correlated with the QPSK symbols. We can find that the two upper symbols are dominated by PN, while the lower 
symbols are dominated by amplitude noise. Meanwhile, the VV algorithm does not improve the signal in this case, 
where the noise in the constellation is modulation dependent. 
 (a)      (b)      (c)      (d)  
Fig. 3. Constellations of the recovered signals at OSNR=40dB. 
(a) TN-OPC, without VV, (b) TN-OPC, with VV, (c) M-OPC, without VV, (d) M-OPC, with VV. 
In Fig. 4, we show the BER performance of EEPN mitigation in the coherent transmission system using the 
TN-OPC and the M-OPC respectively, and the results are compared to further using the VV algorithm. We find that 
the EEPN is not compensated by the TN-OPC (only intrinsic PN from Tx and Rx lasers can be cancelled), and the 
resulting BER-floor is 3×10-3. While in the use of M-OPC, part of the EEPN is cancelled, resulting in a BER-floor 
of 7×10-4. The implementation of the balanced phase modulation in two polarizations creates a partly correlated 
EEPN, and the EEPN cancellation improves the BER floor by around 1/2 order of magnitude. Then we investigate 
the use of the VV algorithm. We find that the improvement is very considerable for the QPSK coherent system with 
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the TN-OPC. An improvement of the BER floor of around 3/2 orders of magnitude can be achieved. But the use of 
the VV algorithm does not improve the situation for the M-OPC case. We also note that the simulation results in the 
use of TN-OPC (with or without using VV algorithm) are consistent with the results in previous report [7], which is 
used as the reference (red triangle mark) in Fig. 4. 
 
Fig. 4. Performance of EEPN mitigation using T-OPC and M-OPC. Results are compared to using VV algorithm. 
5. Conclusions 
In this paper, we propose a scheme of modified optical pilot carrier (M-OPC) to mitigate the EEPN in the n-PSK 
coherent transmission system, by introducing a balanced phase modulation between two orthogonal polarizations of 
the transmitter. An improvement of about 1/2 order of magnitude in BER floor position is obtained. Results are 
compared to using the Viterbi-Viterbi (VV) algorithm to mitigate the EEPN in a classical QPSK system. The VV 
method improves the BER floor by around 3/2 orders of magnitude. However, the VV algorithm can not improve the 
EEPN sensitivity any further for the system within the M-OPC scheme. Important novel insight into the statistical 
properties of EEPN has been discussed, and some interesting subjects need to be further investigated. 
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